Hydroxyeicosatetraenoic acid (20-HETE) has been reported to promote mitogenicity in a variety of cell types, including renal epithelial cells. However, the signal transduction pathways activated by 20-HETE have not been fully defined. The present study evaluated the effects of 20-HETE and its more stable agonist analogs 20-hydroxyeicosa-5(Z),14(Z)-dienoic acid (5, and N- [20-hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine (5,14-20-HEDGE) on the Raf/MEK/ERK and phosphatidylinositol 3-kinase (PI3K)-Akt pathway in LLC-PK1 renal epithelial cells. 20-HETE (20 M) increased phosphorylation of Raf-1 (2.5 Ϯ 0.2-fold), MEK1/2 (6.3 Ϯ 1.6-fold), and ERK1/2 (5.8 Ϯ 0.3-fold) compared with vehicle-treated cells. Similarly, the 20-HETE analogs also strongly activated ERK1/2 in a Raf-1-and MEK1/2-dependent manner. Moreover, 5,14-20-HEDE increased Akt phosphorylation by 2.2 Ϯ 0.3-fold. 20-HETE and 5,14-20-HEDE also promoted activation (Y1086) of epidermal growth factor receptor (EGFR; Y1086) by 1.9 Ϯ 0.2-and 2.5 Ϯ 0.2-fold, respectively. These effects were completely blocked by the EGFR inhibitor EKB-569 (0.1 M). Moreover, EKB-569 (0.1 M), as well as a c-Src inhibitor, SKI-606 (0.05 M), completely abolished the 20-HETE-mediated activation of the Raf/MEK/ERK and PI3K-Akt pathways. Blockade of PKC with bisindolylmaleimide I had no effect on 20-HETE-induced ERK1/2 activation. This study demonstrated that 20-HETE activated the Raf/ MEK/ERK and Akt pathways in renal epithelial cells secondary to the activation of c-Src and EGFR. epithelial cell proliferation; epidermal growth factor receptor; cell signaling 20-HYDROXYEICOSATETRAENOIC acid (20-HETE) is a lipid metabolite of arachidonic acid that is produced by -hydroxylase enzymes of the cytochrome P-450 4A (CYP4A) and 4F families (21). 20-HETE has long been known to play an integral role in the regulation of renal function, including renal vascular tone (14), tubuloglomerular feedback (49), autoregulation of renal blood flow (12, 13, 48) , tubular transport (6, 30, 38, 45) , and mitogenesis (4, 18, 23, 44) .
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There has been renewed interest in 20-HETE because of its potential as a novel therapeutic target in the treatment of acute kidney injury (32) , cancer (8 -10) , and polycystic kidney disease (PKD) (28, 29) . Regner et al. (32) showed that acute administration of a 20-HETE mimetic resulted in increased renal protection following ischemia-reperfusion injury. In other studies, 20-HETE was found to play an important role as a mitogen to promote aberrant growth and proliferation in cancer cell lines in vitro (8, 9) and cystic epithelial collecting duct cells in animal models of PKD in vitro and in vivo (28, 29) .
The mitogenic role of 20-HETE was initially documented in proximal tubular cells (18) and vascular smooth muscle cells (23) after agonist stimulation (18, 23) . Lin et al. (18) reported that epidermal growth factor (EGF) stimulated the formation of 20-HETE in primary cultures of rat proximal tubular cells, and inhibitors of 20-HETE synthesis attenuated the proliferative effect of EGF. Similarly, Muthalif et al. (23) reported that 20-HETE synthesis inhibitors attenuated the mitogenic actions of ANG II on vascular smooth muscle. More recent studies showed that inhibition of 20-HETE synthesis attenuated the growth of U251 glioma and 9L gliosarcoma cells (8 -10) , and the reduced kidney size and cyst development in autosomal recessive PKD (28, 29) . Despite the importance of 20-HETE in mediating abnormal cell growth in proliferative diseases, as well as promoting cell survival in acute kidney injury, very little is known about the signal transduction pathways mediating these actions of 20-HETE.
One candidate pathway involved in cellular proliferation and survival is Raf/MEK/ERK (31) . We and others found that inhibition of 20-HETE synthesis reduced ERK1/2 activation (9, 10, 28, 29) , but the mechanism by which 20-HETE stimulated this protein complex remains to be established. Studies have implicated an interaction between receptor and nonreceptor tyrosine kinases to mediate the functions of 20-HETE in the kidney (7, 39) . These tyrosine kinases, specifically EGF receptor (EGFR), are known to play an important role in mediating growth and cell proliferation through the activation of the Raf/MEK/ERK pathway in PKD and various epithelial cancers (22, 33, 40, 46) . To further validate the potential interaction of 20-HETE with tyrosine kinases, recent studies showed that inhibition of 20-HETE synthesis reduced EGFR activation, which was associated with reduced proliferative activity (9, 10, 28) .
For these reasons, the present study was designed to expand our knowledge regarding the signal transduction pathways involving 20-HETE. Western blot analysis was performed to examine whether 20-HETE and newly designed 20-HETE agonist analogs activate downstream signaling cascades, including Raf/MEK/ERK and Akt, through an interaction with EGFR and Src kinase pathways in a renal epithelial cell line.
MATERIALS AND METHODS
Drugs. 20-HETE and the 20-HETE agonist analogs 20-hydroxyeicosa-5(Z),14(Z)-dienoic acid (5, and N- [20- Animals. Male Sprague-Dawley (SD) rats (250 -350 g body wt) were purchased from a commercial vendor (Taconic, Hudson, NY). All protocols were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin. At 90 min after they were treated with vehicle (0.1 M Na2HPO4 buffer) or 5,14-20-HEDE (30 mg/kg sc), the animals were anesthetized with pentobarbital sodium (60 mg/kg), and both kidneys were harvested. The renal cortex was separated from the renal medulla, and the tissue was immediately frozen in liquid nitrogen and stored at Ϫ80°C until protein extraction was performed.
Cell lines and media. The signal transduction studies were performed using the LLC-PK1 porcine proximal tubular cell line (American Type Culture Collection, Rockville, MD). The cells were grown using ␣-MEM (Invitrogen, Carlsbad, CA) supplemented with glutamine (0.3 mg/ml), 10% fetal calf serum, penicillin (1 U/ml), and streptomycin (1 g/ml). The cells were studied at a confluence of 75-85% in six-well plates. Before the start of the experiment, the cells were placed in serum-free medium for 3 h and then treated with vehicle (0. Antibodies. The following antibodies were purchased from Cell Signaling Technology: total Raf-1 (catalog no. 9422) and Raf-1 phosphorylated at S338 (p-Raf-1; catalog no. 9427), total MEK1/2 (catalog no. 9122) and MEK1/2 phosphorylated at S217/S221 (p-MEK1/2; catalog no. 9154), total ERK1/2 (catalog no. 4695) and ERK1/2 phosphorylated at T202/Y204 (p-ERK1/2; catalog no. 4377), total Akt (catalog no. 9272) and Akt phosphorylated at S473 (p-Akt; catalog no. 4051), and total EGFR (catalog no. 2232) and EGFR phosphorylated at Y1086 and Y1068 (p-EGFR; catalog nos. 2220 and 2236, respectively). Anti-␤-actin antibody (catalog no. A5441) was purchased from Sigma. Antibodies specific for pan-Src (catalog no. 44656G) and c-Src phosphorylated at Y416 (p-c-Src; catalog no. 44-660G) were purchased from Invitrogen.
Western blot analysis. Renal kidney tissue and LLC-PK1 cells were lysed in 1ϫ RIPA buffer (Upstate) containing 0.5 M Tris ⅐ HCl (pH 7.4), 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, and 10 mM EDTA with protease inhibitors (Roche Applied Science) and phosphatase inhibitors (Pierce Biotechnology). The homogenate was centrifuged once at 3,000 g for 10 min and then twice at 10,000 g for 10 min. The cell culture lysates were centrifuged at 12,000 g for 5 min. The protein concentrations of the supernatants were measured using the Bradford method (Bio-Rad, Hercules, CA). Protein (10 -25 g) was reduced in LDS sample buffer (Invitrogen) and DTT. The reduced samples were separated on a 4 -12% gradient gel (Invitrogen) and subsequently transferred to a supported nitrocellulose membrane (Bio-Rad). The membranes were blocked in a proprietary blocking buffer (Licor, Lincoln, NE) and blotted with the primary antibodies (1:1,000 dilution for phosphorylated and unphosphorylated forms of the various signaling molecules and 1:10,000 dilution for ␤-actin) overnight at 4°C. After subsequent washing steps with PBS-0.1% Tween 20, membranes were incubated with the secondary anti-rabbit or anti-mouse antibodies (1:2,000 dilution; Cell Signaling Technology) at room temperature for 1 h. The bands were detected on film after incubation in a chemiluminescent solution (GE Healthcare, Piscataway, NJ). All the Western blot images consist of bands run on the same gel, but, in some cases, we cropped the images to group the experimental bands together. In any of these cases, a white gap was added to the image to show that the image was noncontiguous. The densities of the bands obtained were determined using ImageJ software (National Institutes of Health). To minimize variability in the quantitative assessment in our study, each immunoblot represents sample data from a different individual experiment, and the densitometry values are a compilation of the immunoblots that were performed on at least two and up to eight different experiments in which triplicate samples for each treatment group were on each film.
Statistical analysis. Values are means Ϯ SE. The significance of differences in mean values between groups was tested by one-way ANOVA followed by a Student-Newman-Keuls post hoc test. A Student's t-test for unpaired observations was used to determine the significance of differences between two groups. P Ͻ 0.05 was considered to be significant.
RESULTS

Schematic of chemical structures of 20-HETE and its agonist analogs.
The structures of 20-HETE and its analogs 5,14-20-HEDGE and 5,14-20-HEDE are depicted in Fig. 1 . 5,14-20-HEDE and 5,14-20-HEDGE are partially saturated forms of 20-HETE in which two double bonds located between carbon positions 8 -9 and 11-12 were removed to make these molecules resistant to metabolism by COX (1, 34). 5,14-20-HEDGE is further modified at its COOH terminus to make it more resistant to esterification and ␤-oxidation (1, 34). These compounds have been previously reported to act as 20-HETE agonists (1, 32, 43) .
In vivo activation of ERK1/2 by administration of the 20-HETE analog 5,14-20-HEDE. SD rats were treated with vehicle or 5,14-20-HEDE (30 mg/kg sc), and the kidneys were collected 90 min later. The activated (phosphorylated) form of ERK1/2 was significantly increased (P Ͻ 0.01) by 2.1 Ϯ 0.3-fold (n ϭ 4) in the renal medulla from 5,14-20-HEDE-treated compared with vehicle-injected rats (Fig. 2) . (Fig. 3) . The increase in ERK1/2 phosphorylation in cells treated with equimolar amounts of 5,14-20-HEDE was 61.7 Ϯ 3.2 and 55.5 Ϯ 13.3 times greater than in cells treated with 20-HETE and 5,14-20-HEDGE, respectively (Fig. 3) . The same pattern of ERK1/2 phosphorylation was also detectable after 1 h of incubation with 20-HETE (5.6 Ϯ 1.4-fold, data not shown) and 5,14-20-HEDGE (6.3 Ϯ 0.9-fold, data not shown). As described in METHODS, all the quantitation in Fig. 3 , as well as all other figures, was performed on at least two and as many as eight different blots using triplicate samples from different experiments to ensure reproducibility of the results.
In vitro activation of the Raf/MEK/ERK pathway in LLC-PCK 1 cells by 20-HETE and its analogs 5,14-20-HEDGE and
As shown in Fig. 3 , exposure of LLC-PK 1 cells to 20-HETE, 5,14-20-HEDE, and 5,14-20-HEDGE for 3 h increased phosphorylation of Raf-1 and MEK1/2. Incubation with 20-HETE significantly increased the levels of activated MEK1/2 and Raf-1 (6.3 Ϯ 1.6-and 2.5 Ϯ 0.2-fold, respectively). Similar effects on the activation of MEK1/2 and Raf-1 (6.6 Ϯ 1.4-and 2.7 Ϯ 0.1-fold, respectively) were detected after stimulation of the cells with 5,14-20-HEDGE. On an equimolar basis, 5,14-20-HEDE strongly activated MEK1/2 and Raf-1 during the 3-h incubation compared with 20-HETE (11.0 Ϯ 1.2-and 13.2 Ϯ 1.7-fold, respectively) and 5,14-20-HEDGE (29.3 Ϯ 3.3-and 11.7 Ϯ 1.5-fold, respectively).
Temporal activation of the Raf/MEK/ERK pathway after stimulation with 5,14-20-HEDE. Administration of 5,14-20-HEDE to LLC-PK 1 cells for only 5 min increased the phosphorylation of Raf-1, MEK1/2, and ERK1/2 (2.2 Ϯ 0.1-, 6.7 Ϯ 0.5-, and 32.9 Ϯ 3.6-fold, respectively) compared with control conditions (Fig. 4) . Phosphorylation of the Raf/MEK/ERK pathway was maximally elevated 3 h after incubation with 5,14-20-HEDE. tively. No significant change in the phosphorylated (Y1068) form of EGFR was detected after treatment with 20-HETE or 5,14-20-HEDE (Fig. 6, A, B, C, and E) .
Effects of an MEK1/2 inhibitor on activation of the Raf/ MEK/ERK pathway by 20-HETE and
Additional experiments were performed using the highly selective EGFR inhibitor EKB-569 to determine the role of EGFR in 20-HETE-mediated activation of the ERK pathway. The IC 50 of EKB-569 to inhibit EGFR kinase activity in vitro is 38.5 Ϯ 6.6 nM, whereas its effects on other tyrosine kinases requires 10-fold higher concentrations (42) . Previous studies showed that 0.1 M EKB-569 is highly selective for the EGFR (26, 42) , and at 0.1 M, EKB-569 has no effect on the activity of other tyrosine kinases, such as c-Src (data not shown). Pretreatment of the LLC-PK 1 cells with 0.1 M EKB-569 completely blocked phosphorylation (Y1086) of EGFR and the increase in ERK1/2 phosphorylation after stimulation of the cells with 20-HETE (Fig. 6, A and B) . The 20-HETE-mediated increase in phosphorylation of Raf-1 and MEK1/2 was reduced to control (vehicle-treated) levels in the presence of EKB-569 (data not shown).
Similar effects of EKB-569 on activation of the Raf/MEK/ ERK pathway were seen in cells treated with 5,14-20-HEDE.
The activation of ERK1/2 significantly fell by 96 Ϯ 0.3% (P Ͻ 0.05; Fig. 6, C and E) , and the 5,14-20-HEDE-mediated increase in phosphorylation of Raf-1 and MEK1/2 returned to control levels (data not shown).
Effect of a c-Src inhibitor on 20-HETE-and 5,14-20-HEDEmediated activation of ERK1/2. SKI-606 is a selective inhibitor
of Src family kinases, with an IC 50 of 100 nM for inhibition of Src-dependent cell proliferation (2) . The concentration used in our study (0.05 M) was sufficient to block c-Src phosphorylation (Fig. 6D) . Pretreatment of LLC-PK 1 cells with SKI-606 markedly reduced ERK1/2 activation following stimulation of the cells with 20-HETE or 5,14-20-HEDE. SKI-606 blocked 20-HETE-mediated increase in ERK1/2 phosphorylation (Fig.  6, A and B) and significantly reduced 5,14-20-HEDE-mediated activation of ERK1/2 by 96 Ϯ 0.6% (Fig. 6, D and E) . The 20-HETE-mediated increase in activated Raf-1 and MEK1/2 was completely abolished by pretreatment with SKI-606 (data not shown). Bands are separated to indicate that the blot was cropped to bring the most relevant grouping of bands together. Blots were performed twice with the lysates from 2 different batches of cells studied in triplicate for each treatment group. ␤-Actin was used as a loading control in A and C. *Significant difference between groups (P Ͻ 0.05).
Effect of a c-Src inhibitor on EGF-mediated activation of EGFR and ERK1
7, A, C, and D) and ERK1/2 (Fig. 7A) . Similar to 5,14-20-HEDE, EGF (0.02 M) increased phosphorylation of EGFR at Y1086 and ERK1/2 (Fig. 7, A and B) . In the presence of SKI-606, EGF-mediated activation of ERK1/2 significantly fell (P Ͻ 0.05) by 94% compared with the levels detected in cells treated with vehicle (Fig. 7, A and B) . In the presence of SKI-606, EGF-mediated phosphorylation at Y1086 was preserved to a great extent and was significantly (P Ͻ 0.05) higher than the control (vehicle-treated) levels (Fig. 7, A and B) . On the other hand, SKI-606 reduced 5,14-20-HEDE-mediated phosphorylation (Y1086) of EGFR to levels comparable to vehicle-treated control conditions (Fig. 7, C and D) . Total EGFR levels remained the same in all groups other than the EGF-treated group, and this could be attributed to increased internalization and subsequent degradation of EGFR (3) (Fig.  7, A and C) .
Role of PKC in 20-HETE-mediated activation of ERK1/2. Preincubation of LLC-PK 1 cells with a PKC inhibitor, bisindolylmaleimide I (4 M), significantly increased (P Ͻ 0.05) 20-HETE-mediated ERK1/2 activation by fivefold (Fig. 8A) . A similar result was observed in cells treated with the 20-HETE agonist 5,14-20-HEDE in the presence of the PKC inhibitor (data not shown).
Effect of 5,14-20-HEDE on the Akt pathway. Akt phosphorylation was significantly increased (P Ͻ 0.05) by 2.2 Ϯ 0.3-fold after 3 h of incubation with 20 M 5,14-20-HEDE compared with levels in vehicle-treated LLC-PK 1 cells (Fig.  8B) . The phosphorylation of Akt by 5,14-20-HEDE was com- pletely blocked by the addition of 0.05 M SKI-606 (Fig. 8B) , 0.1 M EKB-569 (Fig. 8B) , or 1 M wortmannin (a PI3K inhibitor; data not shown). U0126 (10 M), a specific MEK inhibitor, in the presence of 5,14-20-HEDE had no measureable effect on the activation of Akt (Fig. 8B) .
DISCUSSION
The present study examined the effects of 20-HETE-mediated activation of the Raf/MEK/ERK signaling pathway in renal epithelial cells. Our results indicate that 20-HETE activated this pathway in LLC-PK 1 cells through a mechanism that interacted with c-Src and EGFR. Phosphorylation (activation) of the ERK1/2 protein was increased in the renal medulla after administration of a stable 20-HETE agonist, 5,14-20-HEDE, to SD rats in vivo. Overall, the present findings are consistent with results from previous studies indicating that the ANG II-induced proliferation of vascular smooth muscle cells can be blocked by inhibitors of 20-HETE and was associated with activation of Ras and ERK1/2 (23, 24, 44) . In our study, similar observations were made: not only 20-HETE, but also 20-HETE analogs, could activate the Raf/MEK/ERK pathway and, to a lesser extent, the Akt pathway in renal epithelial cells. Blockade of MEK1/2 function using U0126 completely blocked the ERK1/2 activation mediated by 20-HETE and 5,14-20-HEDE, providing support for the view that 20-HETE signaling in renal epithelial cells involves the activation of ERK1/2 through MEK1/2. There remains a paucity of information regarding 20-HETE signaling and how it activates the Raf/MEK/ERK pathway, especially in renal epithelial cells. Several functions in mammalian cells are known to be regulated by tyrosine kinases, which can be broadly grouped into receptor and nonreceptor forms (37) . In our study, using more specific inhibitors than previously available, we found that the receptor tyrosine kinase EGFR and the nonreceptor tyrosine kinase c-Src were involved in 20-HETE-mediated activation of the Raf/MEK/ERK pathway. 20-HETE was found to activate EGFR, which resulted in increased activation of downstream signaling cascades, specifically Raf/MEK/ERK. Activation of the Raf/MEK/ERK pathway was blocked by EKB-569, a highly specific inhibitor of EGFR that covalently binds to the receptor and blocks its function (42) . The interaction of 20-HETE with EGFR has not been well characterized, but this finding is consistent with the results of some previous studies that documented a role for EGF in the synthesis and/or function of 20-HETE. For example, the vasoconstrictor effect of 20-HETE in rat renal microvessels and its ability to block the large-conductance K ϩ channels were attenuated by tyrosine kinase inhibitors (39) . Moreover, blockade of 20-HETE formation attenuated growth responses to EGF in rat aortic vascular smooth muscle cells (23) and rat primary proximal tubular cells (18) . Similar effects were found in U251 glioma cells, whereby inhibition of 20-HETE synthesis decreased the activation of EGFR and, subsequently, the proliferative actions of EGF (9) . In autosomal recessive PKD models of aberrant epithelial cell proliferation, chronic administration of a 20-HETE synthesis inhibitor, HET-0016, inhibited proliferation of the cystic epithelium, and this was associated with reduced phosphorylation of EGFR and activation of the ERK1/2 pathway in cystic kidneys (28, 29) .
The mechanism by which 20-HETE activates EGFR in LLC-PK 1 cells remains to be determined, but the present results are the first to indicate that 20-HETE, as well as the closely related mimetic 5,14-20-HEDE stimulated phosphorylation of EGFR at a specific residue, Y1086. The interaction of 20-HETE with EGFR (Y1086) is consistent with the results of our previous study, whereby chronic inhibition of 20-HETE synthesis with HET-0016 was associated with reduced phosphorylation of EGFR (Y1086) in cystic mouse kidneys (28) . Similarly, in a study using human U251 cells (9) , phosphorylation of EGFR at an alternate tyrosine residue (Y992) was markedly reduced in the presence of HET-0016. Although the exact tyrosine residue(s) activated by 20-HETE on EGFR has not been fully elucidated, it is well established that phosphorylated residues on EGFR serve as docking sites for signaling and adaptor molecules, leading to activation of downstream pathways (15) . One such adaptor molecule is Grb2, which plays an important role in coupling Ras to the downstream Raf/MEK/ERK signaling pathway (15, 37) . It was previously shown that Grb2 protein could directly bind to EGFR phosphorylated on Y1068 and Y1086 (27) . Therefore, EGFR phosphorylated at Y1086 possesses the ability to transduce signals to the downstream Raf/MEK/ERK pathway to mediate 20-HETE activity. The other common route for activation of the Raf/MEK/ERK pathway independent of EGFR is stimulation of PKC (16) . Even though some of the actions of 20-HETE on vascular reactivity have been linked to activation of PKC (16a), blockade of PKC with bisindolylmaleimide I in our study was not found to inhibit activation of ERK1/2 by 20-HETE in LLC-PK 1 cells.
Because of our finding that 20-HETE interacts with EGFR in renal epithelial cells, we further investigated the role of c-Src in 20-HETE-mediated activation of the Raf/MEK/ERK pathway. c-Src and EGFR have been shown to reciprocally phosphorylate each other (35) , and c-Src can be recruited to EGFR after the activation of EGFR to promote downstream signaling cascades (15) . EGFR and c-Src have been shown to synergistically act to mediate EGF-induced proliferation (20) . More recently, Sweeney et al. (41) demonstrated that there is a direct interaction with c-Src and activation of EGFR in two distinct models of PKD and that inhibition of c-Src with SKI-606 decreases activation of the Raf/MEK/ERK pathway. Our findings would be consistent with the view that c-Src mediates activation of EGFR (Y1086) in the presence of 20-HETE and that activation of the EGFR (Y1086) was not an autophosphorylation event. This possibility is further supported by previous findings that Y1086 is phosphorylated to a greater extent by c-Src than by autophosphorylation (19) . It would appear that c-Src plays a role in the signal transduction of 20-HETE and that the signals from c-Src are upstream to EGFR phosphorylation following 20-HETE-mediated stimulation.
Apart from the Raf/MEK/ERK pathway, the PI3K-Akt pathway was also found to be activated in our study after 5,14-20-HEDE stimulation of the LLC-PK 1 cells, and this activation was completely blocked by wortmannin, a specific inhibitor of PI3K, as well as by EGFR and c-Src inhibitors, EKB-569 and SKI-606, respectively. The activation of Akt by 20-HETE in the present study is consistent with the results from previous studies performed in aortic vascular smooth muscle cells (17) and bovine pulmonary artery endothelial cells (5) . Similar to the Raf/MEK/ERK pathway, our studies showed that 20-HETE-mediated activation of Akt was strictly dependent on EGFR and c-Src signaling. These experiments demonstrated that the integration of 20-HETE signaling through the EGFR can result in activation of a multitude of distinct signaling pathways and produce various biological responses to this eicosanoid. One such biological response may contribute to the renal protective effect of 20-HETE after renal ischemia-reperfusion injury (32) . This protection may partially involve the activation of Raf/MEK/ERK and PI3K-Akt pathways, which were shown to be protective against ischemia-reperfusion injury (11) . On the contrary, we previously reported that overexpression of a 20-HETE-producing Cyp4a12 isoform was detrimental in LLC-PK 1 cells after an in vitro protocol of ischemia-reperfusion (25) . Because the genetically modified LLC-PK 1 cells with the lentiviral vectors promoted constitutively, high-level production of 20-HETE (25) , it is likely that there is a differential dose-dependent activation of signaling cascades resulting in the distinct biological functions of this eicosanoid, which may account for the paradoxical contradiction between these two studies.
The results from our experiments are consistent with signaling characteristics of receptor tyrosine kinases (37) . Our working hypothesis for 20-HETE signaling in renal epithelial cells is summarized in Fig. 9 . Nonreceptor tyrosine kinase, c-Src, is activated by 20-HETE, which promotes phosphorylation of EGFR. Ultimately, this results in the sequential activation of the Raf/MEK/ERK cascade and, to a lesser extent, Akt, through the activation of PI3K via the activated EGFR. This may be a new paradigm by which 20-HETE signaling can be studied in proliferative disease cell types and provide the foundation for future studies to define the signaling pathways involved with 20-HETE and its agonist analogs. Moreover, c-Src activity is known to play an important role in coupling the G protein receptors to the mitogenic pathways, such as EGFR-mediated activation of the MAPK cascade (36, 37) . Like some other lipid mediators such as PGE 2 (47) , interaction of 20-HETE with a G protein-coupled receptor might also be the initiation point for the signaling events mediated by 20-HETE.
In all, these studies provide a foundation for investigating the signal transduction pathways in cancer and other proliferative diseases in which 20-HETE production and/or activity is shown to be elevated.
